The majority of Atm-deficient mice die of malignant thymic lymphoma by 4 -5 mo of age. Cytogenetic abnormalities in these tumors are consistently identified within the Tcr ␣/␦ locus, suggesting that tumorigenesis is secondary to aberrant responses to double-stranded DNA breaks that occur during V(D)J recombination. Since V(D)J recombination is a recombinase-activating gene (RAG)-dependent process, we generated Rag2 ؊/؊ Atm ؊/؊ mice to assess the requirement for RAG-dependent recombination in thymic lymphomagenesis. In contrast to expectation, the data presented here indicate that development of malignant thymic lymphoma in Atm ؊/؊ mice is not prevented by loss of RAG-2 and thus is not dependent on V(D)J recombination. Malignant thymic lymphomas in Rag2 ؊/؊ Atm ؊/؊ mice occurred at a lower frequency and with a longer latency as compared with Atm ؊/؊ mice. Importantly, cytogenetic analysis of these tumors indicated that multiple chromosomal abnormalities occurred in each tumor, but that none of these involved the Tcr ␣/␦ locus. Nonmalignant peripheral T cells from TCR-transgenic Rag2 ؊/؊ Atm ؊/؊ mice also revealed a substantial increase in translocation frequency, suggesting that these translocations are early events in the process of tumorigenesis. These data are consistent with the hypothesis that the major mechanism of tumorigenesis in Atm ؊/؊ mice is via chromosomal translocations and other abnormalities that are secondary to aberrant responses to double-stranded DNA breaks. Furthermore, these data suggest that V(D)J recombination is a critical, but not essential, event during which Atm-deficient thymocytes are susceptible to developing chromosome aberrations that predispose to malignant transformation. A taxia telangiectasia (AT) is an autosomal recessive disease characterized by ataxia, ocular telangiectasias, humoral and cellular immunodeficiencies, increased incidence of cancers, and increased sensitivity to ionizing radiation (reviewed in ref. 1). The genetic defect causing this disease is mutation of the gene encoding the AT mutated (ATM) protein (2). ATM appears to play an important role in cellular responses to the presence of double-stranded DNA (dsDNA) breaks, probably due to its function in cell cycle checkpoint control (3). Several components of the AT phenotype, such as sensitivity to ionizing radiation, infertility, immunodeficiency, and lymphoreticular malignancies with characteristic translocations, plausibly result from aberrant responses to dsDNA breaks. More specifically, it has been suggested that immunodeficiency and the increased incidence of lymphoid cancers seen in this disease are secondary to aberrant recognition and repair of dsDNA breaks that normally occur during V(D)J recombination and isotype switching in lymphoid cells (3, 4) . Support for this hypothesis comes from studies of the murine model of AT. It has been observed that the majority of Atm Ϫ/Ϫ mice die from malignant thymic lymphoma by 4-5 mo of age (5-7). The initial characterization of Atm Ϫ/Ϫ mice demonstrated that these lymphomas displayed translocations detected by spectral karyotyping (SKY) (5), and recent analysis demonstrated that 100% of thymic lymphomas from Atm We had independently initiated a similar series of experiments in which we generated Rag2 Ϫ/Ϫ Atm Ϫ/Ϫ mice for assessment of tumor susceptibility. Surprisingly, in contrast to expectation and the results reported by Liao and Van Dyke (8), we observed development of malignant thymic lymphomas in Rag2 Ϫ/Ϫ Atm Ϫ/Ϫ mice, although at a lower frequency and with a longer latency than in Atm Ϫ/Ϫ mice. Strikingly, cytogenetic evaluation of these Rag2 Ϫ/Ϫ Atm Ϫ/Ϫ thymic lymphomas revealed an absence of the Tcr ␣/␦ locus translocations that were seen in lymphomas from Atm Ϫ/Ϫ mice with intact RAG function. These findings indicate that rearrangement of the Tcr ␣/␦ locus is a critical, but not This paper was submitted directly (Track II) to the PNAS office.
A taxia telangiectasia (AT) is an autosomal recessive disease characterized by ataxia, ocular telangiectasias, humoral and cellular immunodeficiencies, increased incidence of cancers, and increased sensitivity to ionizing radiation (reviewed in ref. 1) . The genetic defect causing this disease is mutation of the gene encoding the AT mutated (ATM) protein (2) . ATM appears to play an important role in cellular responses to the presence of double-stranded DNA (dsDNA) breaks, probably due to its function in cell cycle checkpoint control (3) . Several components of the AT phenotype, such as sensitivity to ionizing radiation, infertility, immunodeficiency, and lymphoreticular malignancies with characteristic translocations, plausibly result from aberrant responses to dsDNA breaks. More specifically, it has been suggested that immunodeficiency and the increased incidence of lymphoid cancers seen in this disease are secondary to aberrant recognition and repair of dsDNA breaks that normally occur during V(D)J recombination and isotype switching in lymphoid cells (3, 4) .
Support for this hypothesis comes from studies of the murine model of AT. It has been observed that the majority of Atm Ϫ/Ϫ mice die from malignant thymic lymphoma by 4-5 mo of age (5-7). The initial characterization of Atm Ϫ/Ϫ mice demonstrated that these lymphomas displayed translocations detected by spectral karyotyping (SKY) (5) , and recent analysis demonstrated that 100% of thymic lymphomas from Atm In a recent study designed to test this hypothesis, Liao and Van Dyke (8) used the fact that V(D)J recombination is a recombinase-activating gene (RAG)-dependent process and generated Rag1 Ϫ/Ϫ Atm Ϫ/Ϫ mice to assess tumor incidence. If tumorigenesis is secondary to faulty V(D)J recombination, no tumors would be expected to develop in these double knockout mice. Consistent with this hypothesis, development of malignant thymic lymphoma did not occur in nine Rag1 Ϫ/Ϫ Atm Ϫ/Ϫ mice, whereas five of five Rag1 ϩ/Ϫ Atm Ϫ/Ϫ control mice died of malignant thymic lymphomas by 7 mo of age.
We had independently initiated a similar series of experiments in which we generated Rag2 Ϫ/Ϫ Atm Ϫ/Ϫ mice for assessment of tumor susceptibility. Surprisingly, in contrast to expectation and the results reported by Liao and Van Dyke (8), we observed development of malignant thymic lymphomas in Rag2 Ϫ/Ϫ Atm Ϫ/Ϫ mice, although at a lower frequency and with a longer latency than in Atm Ϫ/Ϫ mice. Strikingly, cytogenetic evaluation of these Rag2 Ϫ/Ϫ Atm Ϫ/Ϫ thymic lymphomas revealed an absence of the Tcr ␣/␦ locus translocations that were seen in lymphomas from Atm Ϫ/Ϫ mice with intact RAG function. These findings indicate that rearrangement of the Tcr ␣/␦ locus is a critical, but not This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: AT, ataxia telangiectasia; Atm, ataxia telangiectasia mutated; RAG, recombinase-activating gene; Tcr, T cell receptor; SKY, spectral karyotyping; FISH, fluorescent in situ hybridization; ds, double stranded; BAC, bacterial artificial chromosome. ‡ L.K.P. and Z.W. contributed equally to this work. Tumor Incidence Studies and Histopathological Analysis. Mice were examined daily for evidence of morbidity or mortality. Mice were killed when death was judged to be imminent; thoracic and abdominal organs were removed en bloc and preserved in 10% neutral buffered Formalin (Sigma) for necropsy. Organs from mice that were found dead were similarly preserved. Fixed tissues were embedded in paraffin blocks, sectioned, and stained with hematoxylin and eosin by American Histology Labs (12) , and sections were examined by light microscopy.
Statistical Analysis. Survival time of mice was calculated from date of birth until date of death or date last known alive. All animals in which death was felt to be imminent were killed, and the underlying morbidity was recorded as the cause of mortality. Kaplan-Meier survival curves were generated separately for death due to malignant thymic lymphoma and death due to malignancy other than malignant thymic lymphoma (13) . Animals were considered to have failed in the analysis of a given end point if a diagnosis of that end point was made; animals that died due to a cause other than that end point had their follow-up time censored in that curve at the date of death. Three mice were excluded from analysis because their survival durations were unknown. The statistical significance of differences between pairs of Kaplan-Meier curves, each representing a different group of animals, was determined by the Mantel-Haenszel method (14) . Individual, unadjusted P values are reported and all were determined to indicate statistical significance at the 0.05 level in view of the multiple comparisons being made according to the method of Hochberg (15) . All P values are two-tailed.
Thymic Lymphoma Cell Culture. Thymic lymphomas were harvested and single-cell suspensions were cultured in RPMI 1640 (BioWhittaker) supplemented with 15% FCS (Biofluids, Rockville, MD), sodium pyruvate (1%), nonessential amino acids (1%), L-glutamine (0.5%), 2-mercaptoethanol (5 ϫ 10 Ϫ5 ), penicillin (0.5%), streptomycin (0.5%), and either 20 IU/ml human recombinant IL-2 (Atm Ϫ/Ϫ lymphomas) or 100 IU/ml human recombinant IL-2 and 6 ng/ml rmIL-7 (Rag2 Ϫ/Ϫ Atm Ϫ/Ϫ lymphomas).
SKY and FISH.
Metaphase chromosomes were prepared from tumor cell lines at early passage numbers (passages 0-2). Cells were incubated in 0.1 g/ml Colcemid (GIBCO/BRL) for 30-60 min and then lysed in 0.075 M KCl. Chromosomes were fixed in 3:1 methanol:acetic acid and dropped onto glass slides. Thymocyte chromosomes were prepared by culturing single-cell thymocyte suspensions for 2 h in 0.1 g/ml Colcemid and then lysing and fixing as described above. Splenocyte chromosomes were prepared from splenocytes cultured for 48 h in RPMI 1640 ϩ 20% FCS with 6 g/ml concanvalin A to preferentially stimulate T cells. After an additional 30-min incubation in 0.1 g/ml Colcemid, cells were harvested and metaphase chromosomes were prepared as described. SKY of the tumor cell lines was performed as described previously (16, 17) . Raw spectral images were visualized by assigning red, green, or blue colors to specific spectral ranges. Chromosomes were then unambiguously identified using a spectral classification algorithm that results in the assignment of a separate classification color to all pixels with identical spectra by use of Sky View software (Applied Spectral Imaging). Aberrations were defined using the nomenclature rules from the Committee on Standardized Genetic Nomenclature for Mice (see the Mouse Genome Informatics web site at http://www.informatics.jax.org). Six to 10 metaphases were analyzed for each tumor, and 10-12 metaphases were analyzed for each splenocyte or thymocyte preparation. Bacterial artificial chromosome (BAC) clones for FISH analysis were labeled by nick-translation with biotin-dUTP (C␣) and Spectrum OrangedUTP (V␣ and C␦), whereas the whole chromosome 14 paint was labeled with digoxin-dUTP and detected with mouse antidigoxin followed by sheep anti-mouse IgCy5.5. FISH results were imaged and analyzed using QFISH software (Leica, Cambridge, U.K.). mice revealed that malignant thymic lymphomas do develop in these mice and thus demonstrates that lymphomagenesis in Atm-deficient mice is independent of T cell developmental arrest.
Results

Incidence of Malignant Thymic Lymphomas in
In addition to malignant thymic lymphomas, Atm-deficient mice also showed an increased incidence of nonthymic tumors as Kaplan-Meier analysis of tumor incidence studies. Thymic lymphomafree survival is plotted versus time in months for Rag2 Ϫ/Ϫ Atm Ϫ/Ϫ mice and littermate controls. A drop in the curve represents the sacrifice or death of an animal diagnosed at necropsy with malignant thymic lymphoma. Tick marks represent the sacrifice or death of an animal that was not subsequently diagnosed with malignant thymic lymphoma. For purposes of statistical analysis Rag2 Ϫ/Ϫ Atm ϩ/ϩ and Rag2 Ϫ/Ϫ Atm ϩ/Ϫ mice were considered as one group denoted Rag2 Ϫ/Ϫ Atm ϩ (n ϭ 17); likewise, Rag2 ϩ Atm ϩ/ϩ and Rag2 ϩ Atm ϩ/Ϫ were considered as one group denoted Rag2 ϩ Atm ϩ (n ϭ 13). As no animals from either of these groups were diagnosed with malignant thymic lymphomas, the curves for these two groups are at 100% event-free survival. To distinguish between Rag2 Ϫ/Ϫ Atm ϩ and Rag2 ϩ Atm ϩ mice, dots above the tick marks were used to indicate the death of Rag2 Ϫ/Ϫ Atm ϩ mice. (Fig. 2) , with chromosome 14 being involved in several of these tumors (Table 1) tumors studied, every tumor did exhibit a translocation involving either chromosome 14 or chromosome 12, both of which are homologous to human chromosome 14. Moreover, the breakpoints approximate the same band regions (14D and 12D-F) as has been observed in Atm Ϫ/Ϫ tumors ( Fig. 2 ; Table 1 (Table 2) , and SKY analysis of T cells from wild-type mice did not reveal any chromosome aberrations in over 30 metaphases from three experiments (data not shown).
Discussion
The results of the study reported here clearly indicate that V(D)J recombination is not essential for tumorigenesis; both thymic lymphomas revealed an absence of translocations involving the Tcr ␣/␦ locus which are consistently present in Atm Ϫ/Ϫ thymic lymphomas from Rag2-competent mice. This finding is consistent with the fact that these tumors originate in mice that lack the RAG-2 protein and therefore cannot generate the dsDNA breaks that initiate V(D)J recombination.
Additionally, Atm-deficient mice were found in our study to have an increased incidence of nonlymphoid malignancies as compared with Atm-competent mice. The occurrence of malignancies other than thymic lymphomas in Atm-deficient mice has not been previously reported, possibly because Atm Ϫ/Ϫ mice die of malignant thymic lymphoma before other types of malignancies have time to develop. In the study reported here, a lower frequency of Rag2 gene (C57BL/6 background) into Atm-deficient mice (129/SvEv background) and/or environmental differences in mouse colonies. It should be noted that, although not as common as lymphomas and leukemias, nonlymphomatous malignancies have also been seen in human patients with AT (21) .
The findings reported here help to further define the mechanism by which tumorigenesis occurs in Atm-deficient mice. V(D)J recombination is a universal event in thymocyte development that involves the production of dsDNA breaks and which predisposes Atm-deficient cells to undergo malignant transformation due to the insertion of oncogenic genes into active TCR loci in T cells (22) . However, although V(D)J recombination is a critical event in thymic lymphoma development in Atm-deficient mice, our data indicate that it is not essential. In its absence, dsDNA breaks from other causes can mice has been initiated to address these questions.
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